By making use of preparative field inversion gel electrophoresis, we have constructed a lambdaZAP library that is highly enriched for sequences from the choroideremia locus. In vivo excision of pBluescript SK(-) constructs from lambdaZAP obviates the subclonlng of DNA inserts and allows for rapid processing of several hundred recombinants. From a 625 kb Sfl\ fragment we isolated 7 clones that were physically mapped using mlcrodeletlons associated with the disease. One of these clones Is located within, or just telomeric to, the choroideremia gene and detects two restriction fragment length polymorphisms (RFLPs). Another clone detects a RFLP which maps centromeric to the disease locus. Together these probes should Improve the reliability of linkage analysis in choroideremia families and should pave the way for the isolation of the choroideremia gene.
INTRODUCTION
Choroideremia is an X-linked chorioretinal dystrophy in which affected males suffer from progressive night blindness and visual field constriction, leading to blindness by the third to fourth decade of life (1) (2) (3) (4) . The gene locus for choroideremia (tapetochoroidal dystrophy: TCD) has been assigned to Xq21 by means of genetic linkage and physical mapping studies (5 -12) . Characterization of various deletions associated with clinically complex TCD enabled us to refine the assignment of the TCD locus to a small segment in Xq21 (13) . Deletions encompassing only the DXS165 locus were found in patients with classical TCD (14) . Chromosomal jumping from the DXS165 locus allowed us to define the minimal region of overlap between four such microdeletions, and to map a de novo X;13 translocation disrupting the TCD gene in a female TCD patient (15) . These studies indicated that at least part of the TCD gene is located on a 625 kb Sfil fragment.
In this paper we describe the use of preparative FIGE to establish a library highly enriched for sequences from a 625 kb Sfil fragment which contains part of the TCD gene locus. onto a Hybond-N membrane by means of a dot blot apparatus that had been pre-warmed to 37°C. The following samples were included as controls: i. a 1% LGT agarose block in 0.5 TBE without DNA ( Fig. 2c ; # 50), ii. 4 ng of high molecular weight DNA isolated from a male (#47), a female (#48), and a cell line containing 4 X-chromosomes (LCL127; #49). The membrane was neutralized by washing in 0.5 M Tris-HCl pH 7.5/1.5 M NaCl/1 mM EDTA for 10 min., air-dried, exposed to UV light as described above, and hybridized with probe plbD5.
DNA recovery and cloning in lambdaZAP
LGT agarose strips containing DNA which yielded hybridization signals with the plbD5 probe (#31 and #32; Fig. 2c ), were rinsed three times for 2 h in 10 mM Tris-HCl pH 7.5/1 mM EDTA/100 mM NaCl, melted at 65°C, and incubated overnight with 50 U agarase/ml (Calbiochem) at 37 °C. High molecular weight DNA was recovered by sequential phenol and chloroform extractions (both twice) and by ethanol precipitation in the presence of 0.3 M NaAc, pH 6.
From each slice approximately 500 ng of DNA was recovered. 800 ng of pooled DNAs from slices # 31 and # 32 was digested with 10 U EcoKI, purified, and concentrated using Geneclean™ (BiolOl Inc.). DNA recovery of this step was estimated to be 40%, yielding approximately 320 ng. 150 ng of purified EcoRI digested DNA was ligated to 2 jig of EcoRI digested and dephosphorylated lambdaZAP arms (Stratagene, La Jolla, CA). From 10 y\ of the ligation mixture, 2.5 y\ (0.5 /ig) aliquots were packaged using the Promega packaging extracts, resulting in a total of 1.6 X10 5 pfu. Screening of randomly picked phage, revealed that 75 % contained an insert in the size range between 0.5 and 10.0 kb (not shown).
Identification of human clones
Recombinant lambdaZAP phage were allowed to transfect the E.coli host strain BB4 according to recommendations of the manufacturer. Approximately 3X10 4 insert-containing phage were plated on 130 mm plates at a density of 300 phage per plate. Plaques were lifted onto nitrocellulose filters (Schleicher & Schuell, BA85) using routine procedures (18) . Two replica filters from each master plate were probed with human DNA at a concentration of 1 -3 ng/ml. Labeling was performed by primed synthesis with Klenow DNA polymerase I and a-^P-dCTP as described by Feinberg and Vogelstein (19, 20) . Methods for (pre)hybridization, washing, and exposure of filters have been described elsewhere (21) .
Human plaques were isolated from the plates using sterile pasteur pipettes, diluted into SM-buffer (0.1 M NaCl/10 mM MgSO 4 .7H 2 O/l M Tris-HCl pH7.5/0.01% (w/v) gelatin), and stored at 4°C. LambdaZAP recombinants were transformed to plasmid clones (pBluescript) using the Stratagene lambdaZAP excision protocol. Plasmid containing BB4 cells were plated on LB plates containing 50 /ig/ml ampicilline, and grown overnight. Colonies were individually picked and grown overnight in LB/ampicilline (50 /tg/ml) medium at 37 °C. Plasmid DNA was isolated using the miniprep boiling-method described by Holmes and Quigley (22) . Recombinant plasmids were EcoRI digested and inserts were separated from vector sequences by electrophoresis in 1 % agarose-gels. Each gel was sequentially blotted, for 25 min. and 3 h respectively, to two nitrocellulose filters which were then hybridized to labeled human and hamster DNA, respectively. Recombinants containing inserts that appeared to be of human origin were run on a 0.8% LGT agarose gel and the inserts were isolated for labeling and hybridization.
Chromosomal localization
In order to localize the human DNA sequences, we constructed three types of blots:
i. Filters containing 10 /tg EcoRI digested DNA from two patients, NP and RvD, and a control male. The deletion in patient RvD spans Xq21. l-q22.1, whereas NP carries a deletion which encompasses Xq21.1-q21. 33 . Clinical features have been described in detail elsewhere (11, 13) . Both patients have complex clinical syndromes; NP shows typical signs of TCD, RvD does not.
ii. Filters containing 10 ng EcoRI digested DNA from 3 patients with classical TCD (3.5 [ Fig. 3 (15) . The deletion in patient 25.6 overlaps partly with the deletion in patient 3.5, and contains the entire segment deleted in patient 7.6. The 25.6 deletion spans 6 anonymous markers from the Xq21 band (Xq21.2-q21.31), and is estimated to encompass at least 5000 kb (unpublished data).
iii. FIGE blots containing Sfil and Sail digested DNA from cell line LCL127 (48, XXXX). Preparation of high-molecularweight DNA in agarose blocks, restriction enzyme analysis, FIGE electrophoresis, and blotting to Hybond-N membranes have been described elsewhere (13) . Insert DNAs isolated from LGT agarose gels were labeled by primed synthesis with Klenow DNA polymerase I and a-32 P-dCTP, as described previously (19, 20) . Labeled inserts were prehybndized to sonicated human DNA (Cot = 3,600 mgxmin/ml), essentially as described by Litt and White (23) , to block highly and moderately repetitive sequences present in most of the probes.
Blots described above were stripped following each hybridization and re-used several times.
RESULTS

FIGE analysis using jumpclones
In a previous study we have reported the isolation of several jumpclones from the choroideremia area, employing probes plbD5 and plbD5-IV as molecular entry sites (15) . These clones were hybridized to FIGE blots containing Sfil, Sail, or SfiUSall digested control DNA (LCL127; 48, XXXX). As shown for the most centromeric and telomeric jumpclones (pJ36 and pJ60), all clones detect a 625 kb Sfil, a 400 kb Sail (Fig. la,b) , and a 350 kb SfiUSall fragment (not shown). As the jumpclones flank a DNA segment that is deleted in three TCD patients, the 625 kb Sfil fragment should contain at least part of the TCD gene (Fig. 5) .
The proximal deletion breakpoints of patients 7.6 and 25.6 map within the 625 kb Sfil fragment. For patient 3.5, at least the distal and possibly the proximal deletion breakpoint map within this fragment. Of all jumpclones that hybridize to a 625 kb Sfil fragment in normal DNA, pJ60 is the only one that yields a hybridization signal in DNA of patient 3.5. On FIGE blots of this patient, pJ60 detects a 215 kb Sfil fragment (Fig. lc) . Depending on whether the 3.5 deletion is completely contained within the 625 kb Sfil fragment, this might indicate that the size of this deletion is 410 kb. The combined mapping results of the deletion endpoints divide the 625 kb Sfil fragment into 4 segments, denoted A through D (Fig. 5) .
Preparative FIGE In order to identify the agarose-gel strips that contain the 625 kb Sfil fragment, plbD5 was hybridized to Sfil digested DNA from cell line 578 (Fig. 2a) , and to a dotblot containing DNA samples from the sliced preparative gel (Fig. 2c) . Clearly, slices #31 and # 32 contain sequences that are homologous to probe plbD5. DNA recovered from these slices was digested with EcoRl, and subcloned in lambdaZAP. We plated 3 X10 4 insertcontaining phage from the total library (1.6x 10 5 pfu) on NZY plates, and selected 232 plaques that showed a moderate or strong signal when hybridized to human DNA. The lambdaZAP excision procedure was performed for each individual recombinant to obtain the corresponding pBluescript clone. Small amounts of plasmid DNA were isolated, and the origin of the inserts was established by hybridization with either 32 P-labeled human or hamster DNA. Most of the inserts of recombinant clones consisted of more than one EcoRl fragment, suggesting either concatenization of genomic EcoRl inserts during ligation, or incomplete EcoRl digestion of the original 625 kb Sfil fragment prior to cloning. Of 232 clones analysed, 153 were considered to be of human origin and selected for further analysis ( Table  1 ). The remaining clones hybridized strongly to hamster DNA, contained no insert, or could not be transformed into Bluescript plasmids. No recombinant clones were found that contained both human and hamster DNA, which supports our assumption that inserts consisting of multiple EcoRl fragments are due to incomplete EcoRl digestion of the 625 kb Sfil fragment, and hence are derived from a single site on the X-chromosome. 
Localization of human clones
Hybridization of inserts from the 153 putative human clones to EcoRl digested DNA from patients RvD and NP showed that 9 clones did not yield discrete hybridization signals, 20 were of hamster origin, and 124 contained human inserts. From these, 22 clones were deleted in the DNA of both NP and RvD, and 3 clones were located only in the RvD deletion, indicating an assignment to Xq21.33-q22.1 (Table 2) . Probes located in the RvD and NP deletions were hybridized to Southern blots carrying EcoRl digested DNA from a healthy male and from 3 patients with typical TCD and small deletions encompassing part of the relevant 625 kb Sfil fragment. 9 clones were found to be located outside all 3 deletions, 13 were assigned in at least one of these deletions ( Table 2) . Five of these probes, i.e. pZ25 (Fig. 3a) , pZ138, pZ172, pZ381, and pZ508, could be assigned to the region deleted in patient 3.5, but were found to map outside of the 7.6 and 25.6 deletions. Thus, these probes can be positioned in interval A within or centromeric to the 625 kb Sfil fragment, as depicted in Fig. 5 . Clone pZ521 is located in all 3 deletions and hence, maps to interval C (see Fig. 3b ). Clone pZll is located in interval D, which is spanned by the deletions 7.6 and 25.6 (Fig. 3c) . The remaining 6 clones, i.e. pZ169, pZ228, pZ231, pZ359, pZ384, and pZ394 (Fig. 3d) , are located in deletion 25.6, but not in deletions 3.5 and 7.6. There is evidence that these clones are not derived from the relevant 625 kb Sfil fragment thought to carry most of the TCD gene, but from other Sfil fragments of similar size, as discussed below.
FIGE analysis
When hybridized to blots carrying Sfil and Sail digested DNA from a 48,XXXX cell line, only 2 out of 17 clones previously shown to be absent in the DNA of both RvD and NP, failed to detect specific Sfil bands. From the remaining 15 clones, 14 detected Sfil fragments ranging in size from 600 to 650 kb, whereas one probe hybridized to a Sfil fragment of 700 kb. The five clones that were tentatively assigned to interval A detect a 625 kb as well as an 850 kb 5^1 fragment (see probe pZ25 in Fig. 4a and pZ172 in Fig. 4b ). The 850 kb Sfil band is also seen with jumpclones that are located on the relevant 625 kb Sfil fragment, e.g. pJ60 (Fig. 4c) . The Sail fragments detected by probes from interval A are smaller than 100 kb, or cannot be discriminated from the background signal. So far, we did not find any clones that map to the 625 kb Sfil fragment, but centromeric to the 3.5 deletion. The FIGE analysis strongly suggests that all five clones from interval A are located on the 625 kb Sfil fragment. Hence, we cannot exclude that the proximal endpoint of deletion 3.5 maps centromeric to the 625 kb Sfil fragment. Clone pZ521 is located in a DNA segment (interval C) that is deleted in 3 patients with classical TCD. Southern analysis of all previously isolated genomic sequences from interval C has mapped pZ521 within 2 kb of jumpclone pJ15 (15) . FIGE analysis did not result in discrete hybridization signals, as pZ521 consists almost entirely of highly repetitive sequences.
Clone pZll consists of a single copy 1.2 kb EcoRl fragment (pZl la), and a repetitive 4.2 kb EcoRl fragment (pZl lb). pZl la and pZl lb are located next to eachother in the X-chromosome (unpublished data). pZl la does not only detect the characteristic Sfil bands of 625 and 850 kb, but also hybridizes to a 400 kb Sail band (Fig. 4d) . We have cloned 45 kb of genomic DNA spanning the jumpclones pJ59, pJll, and pJ60, as well as the distal breakpoint of deletion 3.5. Southern analysis of these genomic clones has shown that pZl 1 is not located in this DNA segment, and therefore must be situated telomeric to pJ60.
The six clones found to be deleted in patient 25.6, detect a Sfil band of 615 kb, and do not hybridize to the characteristic 850 kb Sfil band (Fig. 4e and 4f) . Moreover, they fail to detect the typical 400 kb Sad band. Taken together, this indicates that these clones are derived from a different Sfil fragment in the Xq21.2-q21.31 region (Table 2) .
Restriction fragment length polymorphisms
Southern analysis of DNA from TCD patients and controls revealed three new restriction fragment length polymorphisms (RFLPs). pZllb detects variable EcoRI bands of 4.2 and 4.5 kb, and a constant band of 1.4 kb. Both the variable and constant bands are located in interval D of the 625 kb Sfil fragment. We tested 62 X-chromosomes from unrelated individuals, and observed allele frequencies of 66% for the larger (4.5 kb), and 34% for the smaller (4.2 kb) allele. Also, pZllb detects an EcoRV RFLP, with variable bands of 2.0 kb plus 5.3 kb, and 7.3 kb respectively, and a constant band of 6.7 kb. Estimated allele frequencies, were 53% for the 7.3 kb band, and 47% for the 2.0/5.3 kb bands.
pZ172 detects variable EcoRI bands of 5.5 and 7.0 kb, and a constant band of 3.0 kb. The polymorphic locus recognised by pZ172 maps to interval A of the 625 kb Sfil fragment; the constant band is located outside the Xq21 region. We tested a total of 43 X-chromosomes from unrelated individuals and observed allele frequencies of 40% for the larger (7.0 kb) and 60% for the smaller (5.5 kb) allele. Both for pZl lb and pZ172, no other enzymes were tested for RFLPs.
DISCUSSION
The molecular and biochemical defects underlying several genetic disorders have been elucidated by means of the so called 'reverse genetics' approach (24) (25) (26) (27) . One of the crucial, and most tedious, steps in this approach is the generation of a large number of probes from the relevant DNA region, which are then used for the isolation of an overlapping set of lambda or cosmid clones (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) ). An elegant, but seldomly used, technique makes use of preparative FIGE/PFGE (pulsed field gel electrophoresis), to enrich for sequences from a well defined, large DNA fragment which encompasses the disease gene (38, 39) .
In a previous study (15), we described the use of a human jumping library that enabled us to isolate several DNA markers from the vicinity of the TCD gene in a directional manner. The minimal region of overlap between several deletions associated with TCD could be positioned on a large Sfil fragment of 625 kb. Thus, two important prerequisites were fulfilled for the application of preparative FIGE. First, enrichment of genomic sequences from the TCD gene region was facilitated by the fact that the fragment of interest is located outside the bulk of the Sfil genomic fragments (100-500 kb). Second, the identification of relevant probes from this fragment could be rapidly determined by Southern analysis of three small deletions encompassing part of the TCD gene. Still, despite the considerable enrichment achieved through selection and cloning of this fragment, large numbers of human clones had to be analysed to obtain a reasonable number of starting points from the fragment of interest. This illustrates the crucial importance of the cloning system employed. The cloning efficiency should be as high as possible because of the limited amount of DNA that can be recovered from LGT-agarose slices. In addition, human DNA sequences often represent only a minor fraction of the total DNA content of hybrid cell lines, necessitating the screening of large numbers of recombinant clones. Preferably, the average insert length should be large to identify most of the human inserts through the presence of human specific interspersed repeats. The handling of a few hundred human clones requires rapid and large scale DNA isolation and hybridization procedures. In our hands, the lambdaZAP cloning system fulfills these criteria satisfactorily. The in vitro packaging of lambda constructs provides for a cloning efficiency which exceeds that of plasmid transformation by a factor of 100. Making use of in vivo excision, recombinants can be converted directly into plasmid clones, thus obviating labour intensive subcloning. Also, there is no bias for small inserts as is often observed in plasmid cloning.
Owing to the limited insert size of the lambdaZAP constructs (10 kb; ref. 40) , the percentage of clones with human inserts that can be detected through hybridization with total human DNA is lower compared to vectors that allow for larger inserts (lambdareplacement or cosmid vectors). Moreover, the relatively small average insert size renders isolation of low or single copy sequences from human clones difficult. Still, these disadvantages are compensated by the speed and convenience of the lambdaZAP system.
We screened 100 phage containing agar plates for the isolation of 232 human recombinants, to minimize cross-contamination between neighbouring plaques. It is possible to reduce the number of plates to be tested by an alternative screening protocol. If lambdaZAP recombinants are first amplified, pooled, and converted into pBluescript constructs, human plasmid clones can be identified by screening of bacterial colonies. These can be plated at a higher density (approximately 1500/130 mm plate versus 300/130 mm plate for phage plaques), without a higher risk of cross-contamination.
The human X-chromosome comprises approximately 2 % of the total genome of the 578 cell line, as estimated using dosage analysis of several X-probes hybridized to Southern blots containing 578 and human male DNA (results not shown). In this study we observed that 0.8% (Table 1) of all clones carried a human insert. As discussed above, we may have missed a considerable percentage of human clones due to the small average insert size (6-7 kb). Also, we performed hybridization of human DNA sequences to phage DNA under stringent hybridization conditions, and thereby might have overlooked some of the human inserts.
5.6% (7/124) of the human clones that showed interpretable hybridization signals could be assigned to the 625 kb Sfil fragment. Assuming a total length of the X-chromosome of 200 million bp, this relates to an enrichment of 18-fold, which is comparable to the 37-fold found in a study in which an 840 kb Sfil fragment was enriched using preparative PFGE (39) .
Three clones isolated from the 625 kb Sfil fragment were studied in detail. pZ521 was localised to all three 'classical TCD' deletions used in this study, and was shown to map to the immediate vicinity of a previously isolated jumpclone pJ15 (see Fig. 1 in ref. 15 ). pZ172 detects a RFLP centromeric to the TCD gene, at an estimated distance of 150-500 kb. pZll maps telomenc to the 3.5 deletion, and shows two RFLPs. These three RFLPs should become valuable markers for the diagnosis of the disease in families.
In previous studies, we have characterized a DNA segment of approximately 230 kb, which carries part of the TCD gene and is completely contained within a SfillSaR fragment of 350 kb (15) . Since pZll maps to the same 350 kb fragment, its distance from pJ60, the most telomeric jumpclone isolated sofar, must be less than 120 kb. Recent experiments have indicated that pZl 1 detects two additional deletions in patients with TCD. These deletions do not overlap deletion 3.5, nor probe pJ60 (manuscript in preparation). This indicates, that the TCD gene may well extend to, and include the pZll locus. Therefore the ongoing molecular characterization of this region and the search for evolutionary conserved and expressed sequences in the vicinity of pZll should contribute to the isolation of this gene. 
